Abstract-Optical circuit switches with fast switching times can provide rapidly reconfigurable bandwidth in data center networks. Silicon photonic switches are attractive candidates with their fast response times and CMOS process compatibility. In this paper, we report on a 50 × 50 silicon photonic switch with MEMS-actuated vertical adiabatic couplers. The switch is monolithically integrated on a 7.6 × 7.6 mm 2 chip. It has an on-chip insertion loss of 8.5 dB. Our switch exhibits a sub-microsecond switching time (0.85 μs), a broad spectral bandwidth (1400-1700 nm), and digital switching characteristic. The switch architecture is highly scalable as light passes through only one switching element irrespective of the switch size.
I. INTRODUCTION
T HE advent of cloud computing and data-intensive applications has spurred the growth of large-scale data centers hosting tens to hundreds of thousands of servers. The high traffic bandwidth within data centers requires efficient, reconfigurable interconnection networks. Large-scale optical circuit switches (OCS) provide a cost-and energy-efficient solution by augmenting electrical packet switches with dynamic network reconfiguration [1] - [6] . Currently, 3-D MEMS switches with large (several hundred) port counts are commercially available [7] , however, the millisecond switching times limit their applications to long-lived traffic patterns [1] . Silicon photonic switches are promising candidates for fast OCS with microsecond, or even nanosecond response times. Large-scale integrated photonic switches can be realized on silicon at low cost and with high yield by leveraging the advanced manufacturing processes developed for complementary metal-oxide-semiconductor industry [8] , [9] . Recently, many silicon photonic switches have been demonstrated using cascaded 1 × 2 or 2 × 2 switching elements with electro-optic [10] , [11] or thermo-optic [12] - [16] switching mechanisms. However, the cumulative losses from the multi-stage architecture limit the port count of the switch (ࣘ 8 × 8) [10] - [15] or result in excessive losses [16] . Fig. 1 summarizes the state of the art of recently reported silicon photonic switches with sizes ࣙ 8 × 8. Most switches have on-chip losses greater than 0.5 dB/port. An order of magnitude reduction in loss will be necessary for practical applications. Previously, we have proposed a MEMS (micro-electro-mechanical systems) matrix switch architecture that overcomes the cumulative losses [17] . However, the switch still has high loss due to the use of lateral directional couplers, which also limit the optical bandwidth and require precise voltage bias. In this paper, we report on a low-loss silicon photonic MEMS switch with digital control and broadband operation. Using MEMS-actuated vertical adiabatic couplers as switching elements, we have experimentally demonstrated a 50 × 50 digital silicon photonic switch with an on-chip insertion loss of 8.5 dB. The switch exhibits a flat spectral response over a wide wavelength range (1400-1700 nm) and a sub-microsecond response time (0.85 μs). The digital switching eliminates bias-dependent loss and enables robust control of large-scale switches. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. 
II. SILICON PHOTONIC MEMS SWITCH ARCHITECTURE
at the intersections and light is selectively shunted from a horizontal to a vertical waveguide by a MEMS-actuated optical coupler. With the ability to physically move waveguides, MEMS can effectively turn on and off the couplers. In the OFF state, the coupler waveguides are far away (∼1 μm) and there is virtually no loss for light propagating in the bus waveguides. In the ON state, the coupler waveguide is moved towards the bus waveguide (with 125 nm spacing) and nearly all the light in the horizontal waveguide is transported to the vertical bus waveguide. A salient feature of the MEMS matrix architecture is that light travels through only one active switching element (optical coupler) in all switch configurations. In contrast, light propagates through multiple switching elements in conventional matrix (cross-point) architecture [18] . The scalability of silicon photonic switch fabrics has been previously discussed in the context of optical loss, amplification noise, and crosstalk [19] . Here, we focus on the intrinsic on-chip losses of the following switch architectures: (1) switchand-select [13] , (2) Beneš [20] , (3) path-independent insertion loss (PILOSS) [15] , [16] , (4) conventional matrix [18] , and (5) our MEMS matrix architectures [17] . The optical losses of N × N switches mainly come from the switching elements and the waveguide crossings. We summarize the numbers of switching elements and waveguide crossings (worst case) of each architecture in Table I . Waveguide crossings with 0.01-0.02 dB insertion loss have been reported on silicon photonics platform [17] , [21] , [22] . Assuming insertion losses of 0.01 dB per crossing and 0.25 dB per switching element, the projected on-chip losses of these architectures are plotted as functions of port count in Fig. 3 . It is clear that the MEMS matrix architecture is most scalable since it has only one switching element in the optical path. The Beneš architecture also exhibits a decent scalability because the number of switching elements increases logarithmically with port count. However, unlike the other four architectures, the Beneš switches are not strictly nonblocking, which limits their applications. For switch size larger than 100 × 100, the MEMS matrix switch appears to be the only viable architecture with low loss.
Movable waveguides have been used in optical switches and tunable optical circuits [23] - [28] . Early devices with large waveguides tend to have large footprint and not suitable for high-density integration [29] . Silicon photonics is an attractive platform for MEMS actuation because a large number of compact tunable couplers (coupling length ∼10 μm) can be readily integrated for large-scale switches. By moving silicon waveguides over a short distance (< 1 μm), the coupling can be continuously tuned, or completely switched off. Previous MEMS silicon photonic switches used lateral directional couplers [17] , [28] , which suffers from a fundamental trade-off between coupling efficiency and optical loss. Narrower waveguides have stronger coupling and hence shorter coupler length, but their losses increase dramatically as the widths shrink. Vertical couplers have been shown to overcome this trade-off as low optical loss can be obtained in thin and wide waveguides [25] , [26] . Moreover, vertical couplers can use rib waveguides to achieve even lower loss. The rib waveguide adiabatic couplers used in our switch have compact footprints (length = 30 μm), low loss, and broad optical bandwidth, which are keys for large-scale photonic switches. Fig. 4 depicts a unit cell of the silicon photonic MEMS switch, which is based on a double-layer structure. The two orthogonal bus waveguides are patterned on the lower silicon layer. The physical intersection is designed to have low loss and low crosstalk. A pair of adiabatic couplers connected by a 90°bend is fabricated on the upper silicon layer, which is suspended at 1 μm above the bus waveguides. Because there is virtually no coupling (< -50 dB) between waveguides with such a large spacing, light remains in the bus waveguides [see Fig. 4(a) ]. In the ON state, the adiabatic couplers are pulled down to within 125 nm from the bus waveguides by MEMS actuators while the bending section is fixed on the oxide anchor. The adiabatic coupler is thus "turned on", and light is coupled to the upper layer waveguide. After a 90°turn, light is coupled to an orthogonal bus waveguide by the second adiabatic coupler and transmitted to the drop port [see Fig. 4(b) ]. Fig. 4(c) illustrates the schematic cross section of the structure. The distance between the bus and coupler waveguides in the ON state is precisely defined by the height of mechanical stoppers. In conjunction with the bistable operation of gap-closing electrostatic actuators, the switch can be controlled digitally. This is important for large-scale photonic switches as it eliminates the need for precise analog control of individual switching elements.
III. DESIGN AND SIMULATION RESULTS
Since light mostly propagates in the bus waveguides and passes through many crossings, the propagation loss of the bus waveguides and the insertion loss of the crossings should be minimized. We use 220 nm thick, 600 nm wide silicon rib waveguides with shallow ridge heights (60 nm) as the bus waveguides. To reduce loss of the crossings, we use multimode interference (MMI) structures to focus light at the center of the intersections. The waveguide width is gradually tapered to 1.2 μm, which still supports a single even mode. Then, the width is increased to 2.5 μm over 5.75 μm length to excite two even modes. The optimum length of the multimode region is 19.5 μm. The insertion loss of the MMI crossing is calculated to be 0.011 dB by time-domain numerical simulations.
The adiabatic coupler in the upper layer is made of silicon rib waveguide with a thickness of 300 nm and a ridge height of 200 nm. The core width is linearly tapered from 150 to 1000 nm over a length of 30 μm. Numerical simulations confirm that the designed adiabatic coupler has an insertion loss of 0.01 dB at 1550 nm wavelength. The calculated spectral response of the adiabatic coupler is shown in Fig. 5 . Broadband operation is observed over 300-nm spectral bandwidth, which is sufficient to cover C, L, and S bands of the dense wavelength-divisionmultiplexing systems. To investigate the switching behavior of the adiabatic couplers, the optical transmissions at the drop and through ports were simulated with various gap spacing between the bus and the coupler waveguides [see Fig. 6 ]. Optimum drop port transmission with an insertion loss of 0.01 dB and a through port cross talk of -32 dB occurs at a gap spacing of 125 nm (ON state). The insertion loss remains low (under 0.05 dB) for ±25 nm change in gap spacing, which can be easily controlled by mechanical stoppers. The drop port transmission decreases monotonically to below −45 dB and light propagates to the through port as the gap spacing increases to 800 nm (OFF state), ensuring extremely high extinction ratio and large isolation between ports. The unique features of our MEMS switching element such as large fabrication tolerance, digital switching characteristics, high ON/OFF extinction ratio, and large port-to-port isolation make it an ideal choice for large-scale integrated switches.
IV. FABRICATION AND EXPERIMENTAL RESULTS
50 × 50 silicon photonic switches have been fabricated on sixinch wafers in Berkeley's Marvell Nanofabricaiton Lab. The bus waveguides were patterned on silicon-on-insulator (SOI) wafers with 220-nm-thick device layers and 3-μm-thick buried oxides. A 1-μm-thick low temperature oxide was deposited as a sacrificial layer and planarized by chemical mechanical polishing. After etching anchor holes and circular dimples (to form mechanical stoppers), a 300-nm-thick polysilicon was deposited and the adiabatic couplers and MEMS actuators were patterned. To reduce optical loss, undoped polysilicon was deposited at low temperature (570°C) and then annealed at 600°C for 12 h and 900°C for an hour. The MEMS part of the polysilicon was doped by ion implantation, followed by activation at 500°C. Next, gold electrical pads were patterned by lift-off process. Finally, the device was released by vapor HF. Fig. 7(a) shows a microscope image of the fabricated device. The footprint of 50 × 50 switch array is 7.6 × 7.6 mm 2 and the size of a unit cell is 145 × 145 μm 2 [see Fig. 7(b) ]. Fig. 7(c) shows a scanning electron microscope (SEM) image of the fabricated 50 × 50 switch. Both input and output waveguides are routed to grating couplers along one edge of the chip. A 1-D fiber array with angle polished facets provides parallel access to multiple waveguides.
To characterize the performance of the switch, TE polarized light was coupled to the device through grating couplers. The insertion loss of the grating coupler is about 5 dB. The MEMS actuators were electrically addressed using probe tips. Fig. 8 shows the measured transfer characteristics of a switch cell. Clear digital switching behavior is observed. After the switch turns on at 31 V, the optical power at drop port remains constant with further increase in the bias voltage. Due to the intrinsic bias hysteresis of gap-closing actuators, the switch turns off at a lower voltage of 21 V. The transmission in the OFF state is below -65 dB, resulting in an extremely high extinction ratio. This digital operation eliminates bias-dependent loss, a significant advantage for large-scale switches. Another advantage of the electro-static MEMS actuation is the switching operation without steady-state power consumption. The estimated power consumption is only a few microwatts per switching cell when the switch operates at a switching frequency of 0.7 MHz.
The spectral response of the switch was investigated using a tunable laser source with a wavelength range of 1525-1610 nm. Fig. 9 shows the measured spectral response of a representative switching unit cell in the ON state. The switch has a flat response over the entire tuning range of the laser source (85 nm), thanks to the broadband nature of the adiabatic couplers. The switching times were measured by applying a square wave of electrical bias to the device. The ON and OFF switching times were measured to be 0.85 and 0.47 μs, respectively [see Fig. 10 ]. The switching times of our silicon photonic switch are three orders of magnitude faster than conventional 3-D MEMS switches [7] , [30] , thanks to the small size of MEMS actuators and the short actuation distance required.
Since the insertion loss of the switch depends on the optical path, we measured the insertion loss of more than 400 switch states. The measured on-chip loss fits very well with a linear function: L(n) = L s + nL u , where L(n) is the total on-chip loss, n is the number of cells along the optical path, L s is the loss of the switching element (adiabatic couplers), and L u is the optical loss of light propagation through a unit cell. Fig. 11 shows the distribution of the propagation loss per unit cell, L u . The average loss per cell is measured to be 0.080 dB. The loss of the switching element is extracted to be 0.7 dB. The maximum on-chip loss for the longest path of the 50 × 50 silicon photonic switch is 8.5 dB ( = 0.08 × 98 + 0.70).
The normalized loss of our switch is 0.17 dB/port, about 3.6 times lower than the previous record (see Fig. 1 ). Though this is the lowest loss reported to date, there is still room for improvement. A detailed analysis of the test structures on the same chip indicates the majority of the loss came from the propagation loss in the bus waveguides, most likely due to an imperfection in fabrication. By eliminating the imperfection, we believe we can substantially reduce the waveguide loss. The loss of the adiabatic couplers can also be improved though its impact on the overall loss is not as large. The polysilicon used for upper layer waveguides has higher loss coefficient than the single crystalline silicon. However, because the total propagation length is very short (< 150 μm), the contribution of the polysilicon waveguide loss is small (∼0.3 dB with 20 dB/cm). After the bus waveguide loss is substantially reduced, it becomes beneficial to improve the loss of the upper layer waveguides.
V. CONCLUSION
We have successfully demonstrated a 50 × 50 silicon photonic switch. The switch is monolithically integrated on a SOI chip with a footprint of 7.6 × 7.6 mm 2 . The MEMS-actuated adiabatic couplers offer broadband operation and digital switching characteristic. The small physical size of the MEMS actuators enables sub-microsecond switching (0.85 μs). A key innovation of our switch is the MEMS matrix architecture in which light passes through only one switching element regardless of the switch size. It is fundamentally more scalable than other silicon photonic switches with cascaded 2 × 2 or 1 × 2 switching elements. The maximum on-chip loss of our 50 × 50 switch is 8.5 dB. By improving the waveguide propagation loss, largerscale silicon photonic switches with hundreds of ports can be achieved with even lower insertion loss.
